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Gaseous exhausts from various industries pollute the environment with fly- 
ash generally filtered by electrostatic precipitators (ESPs) before being 
released to the atmosphere. This paper presents the development of a 
controller for ESP power supply. The controller maintains the voltage 
applied to ESP at its maximum average value by duty cycle control that 


results in an improvement in dust collection-efficiency. The limiting factor 


for the output voltage is the breakdown of gas (spark/arc) in the electrode 
Keywords: gap of ESP. During a spark/arc condition, the duty cycle limit imposed by 
the controller causes a reduction in output voltage that leads to the 
prevention of spark/arc. The present design has a response faster than line 
frequency power supply controllers. The control circuit is simpler, easy to 
implement and uses a standard PWM controller IC. The design of power 
stage uses a flyback current-fed push-pull DC-DC converter with multiple 
secondary circuits, which has the advantages of instantaneous current limit 
and less voltage stress on rectifier-diodes. Simulation is performed to obtain 
a 1 kV, 100 W output from a 24VDC source. The results are compared with 
experimental values to validate the controller’s ability to achieve good load 
regulation during normal operation and a reduction in output voltage during 
spark/arc condition. 
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1. INTRODUCTION 

The major source of environmental pollution is fly-ash (dust) particles from various industries and 
power plants. Government regulatory bodies have made extraction of fly-ash particles from industrial flue 
gases mandatory before they are released into the atmosphere. Electrostatic precipitators are used to filter fly- 
ash particles by ionizing them in a high electric field. A typical electrostatic precipitator (ESP) consists of a 
discharge electrode that is negatively charged and the other, a grounded collecting electrode. A high voltage 
is applied between these electrodes to initiate a corona discharge to ionize the dust particles. The charged 
dust particles get deposited on the collecting electrodes. They are periodically dislodged by rapping the 
electrodes and are collected in dust hoppers to be removed. ESP power supplies in the range of 10-100 kV 
are used in incinerators, biomass plants, power plants and process industries to name a few. In many small- 
scale ESPs use high voltage power supplies of few hundred watts also [1]. 

ESP power supplies used in large industries are thyristor-controlled, operating at line frequency. 
They are plagued with low average DC output due to line frequency operation, high percentage ripple, large 
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size of the input inductor and high voltage (HV) transformer. The primary inductor limits the current during a 
short circuit on the load side. The output voltage and spark/arc between electrodes are controlled by an 
automatic voltage controller (AVC) that reduces the applied voltage based on the feedback signals from both 
load and supply sides. The controllers used in line frequency power supplies are sluggish in nature and the 
minimum response time of controller is 10ms to adjust the output [2]. Development of new power devices led 
to the use of IGBT based high frequency power supplies for ESP’s. These have a low ripple output voltage 
with a good average value that results in better collection efficiency and fast control during flashover [3], [4]. 
Another commonly used power converter topology for operation at high frequency is a series-parallel 
resonant converter that is compact, with a better transient response and higher efficiency [5]—[8]. Further 
improvement in the power converter is in terms of optimization in the design of HV transformers [9]-[12]. 
Generally, these converters use digital controllers to regulate the output voltage and detect faults through the 
measurement of output voltage or current using sensing circuits. Different control algorithms are 
implemented to extinguish the spark/arc [13]—[15]. In general, power supply controllers vary in their sensing 
of the control parameters, their implementation of control circuits to maintain the maximum average output 
voltage and spark/arc control. 

Apart from large industrial applications, small size ESPs are used in the removal of particulate 
matter emitted from the combustion of wood in biomass plants, soot particles produced during the drying of 
rubber and smoke particles generated from combustion of waste in municipal/medical incinerators. In some 
of the small-sized ESP power supplies, the high voltage DC is obtained by stepping up low voltage AC into 
high voltage using high voltage transformer and rectification. According to the literature, these are not 
equipped with any power supply controllers [16], [17]. Another configuration used in small size ESP power 
supplies is series resonant converters with digital controllers [18]. For the control of the system, a digital 
signal processor with appropriate peripherals and analog signal acquisition are used. Therefore, it is quite 
challenging to select an appropriate power circuit topology and design of a power controller to maintain a 
maximum average output voltage to increase collection efficiency and proper control of spark/arc conditions. 

This paper presents a development of a controller for small scale ESP power supply applications to 
improve performance during normal operation and provide good control during spark/arc operation. The 
power stage is designed using a flyback current-fed push-pull DC-DC converter with multiple secondary 
circuits and operating at high frequency. As the power converter is current fed in nature it is easier to limit 
current during short circuit at load side. The rectifier components on the high voltage side are subjected to 
less voltage stress due to multiple secondary windings at lower voltage levels. The proposed controller 
maintains maximum average output voltage by regulating the output against the variation in load, using duty 
cycle adjustment. A new scheme has been devised to control the output of the power supply during spark/arc 
condition. When there is a spark at load, the controller puts a limit on the duty cycle and hence the output 
voltage starts reducing, by dropping the voltage across the input inductor. If there is a permanent short at the 
output due to an arc, the total source voltage drops across the input inductor, so that power delivered to the 
load reduces drastically. This control scheme is designed using a common PWM IC and easily implemented 
compared to other controllers. The high frequency of operation makes the control action faster than the line 
frequency controller. The usual power output level of the converter used is 1-2 kW that makes it suitable for 
small scale ESP power supply applications [19]. 


2. RESEARCH METHOD 

In an ESP, it is necessary to apply high voltage DC to produce strong electric field strength between 
collection and discharge electrodes. The electrical characteristics of an ESP show that the power supply must 
be operated close to the point of Vspark voltage for better collection efficiency, and there are frequent short 
circuits at the load due to the accumulation of dust particles in the electrodes. Therefore, a power supply 
controller is necessary for the power supply. This paper has arrived with control characteristics to meet the 
requirements of the power supply. The power supply controller is implemented to achieve maximum 
collection efficiency during normal operation and good control during spark and arc conditions. 


2.1. Power converter configuration 

The power converter used in the power supply is shown in Figure 1. The DC input voltage is Vin. 
The flyback transformer primary Lip connected in series with the push-pull converter behaves as an input 
inductor. The flyback secondary Lis is connected back to input. The inductors Lp; and Lp2 form two primaries 
of the push-pull transformer, while Ls; to Lsn form the ‘n’ secondary windings. The secondary voltage is 
rectified using diodes D;; and D2; and doubled by charging capacitors C7; and C2; coming in series. Push- 
pull switches Sı and S2 are designed to operate in a non - overlapping mode. Therefore, the center-tap voltage 
of push-pull transformer (Vc) is lower than the DC input voltage (Vin). Voi and Vez are the gate signals 
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applied to switches Sı and S2 respectively. The output voltage (Vo) is realized by multiple secondary circuits 
connected in series. Resistance Rz represents the non-linear load of ESP, and the resistance depends on the 
concentration of particles in the flue gas and the resistivity of the particles. The converter must operate in 
discontinuous mode at all load conditions that necessitates non-overlapping of power switches. 

Converter operates in four modes in each switching cycle: 

Mode 1: With Sı ON and S2 OFF, current flows through the primary circuit of flyback (Lip) and push-pull 
(Lp1), transferring the energy from source to load. 

Mode 2: When S; is OFF with S2 being OFF, diode D3 is ON and flyback secondary transfers energy to the 
input. 

Mode 3: When the switch S2 is ON and switch Sı is OFF, current flows through the primary circuit of 
flyback (Lip) and push-pull (L,2), and energy is transferred from source to load. 

Mode 4: When S2 is OFF, with switch Sı being OFF, diode D3 is ON and flyback secondary transfers energy 
to the input. 
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Figure 1. Power converter circuit 


This converter configuration has some advantages when it is designed for an ESP power supply 
application. In general, as the load on ESP is subjected to frequent short circuits, a current-limiting inductor 
is provided in the primary circuit of conventional line-frequency ESP power supplies. In this topology, the 
inductance of the flyback transformer functions as a current limiting inductor. As the secondary of the 
flyback is connected to the source and the converter is operated in discontinuous mode, the stored energy is 
completely fed back to source. That enhances the operating efficiency. Even though there are multiple 
secondary windings, only one inductor in the primary circuit is sufficient due to the current-fed 
configuration. Higher voltages can be easily obtained by inserting additional secondary circuits based on the 
requirements of the application. The circuit is simple in construction with a less number of components. 


2.2. Electrical characteristics of an ESP 

The current-voltage characteristic of an ESP is shown in Figure 2. A corona discharge is initiated 
when the applied voltage reaches Vonser. The resulting corona current between the electrodes increases steeply 
with applied voltage [20], [21]. As the distance between the electrodes is fixed for a given precipitator, the 
corona develops into a spark discharge when the peak voltage exceeds maximum withstand voltage (Vsparx) of 
the dust medium. A spark/arc discharge that appears between the electrodes is due to change in process 
parameters like gas and dust particles [22]. On occurrence of a spark discharge, the controller lowers the ESP 
voltage that automatically extinguishes the spark and maintains normal voltage aftermath. There is a 
temporary reduction in the efficiency of dust collection at the instant of the spark. An arc discharge is more 
intense than a spark and exists for a longer duration. The arc not being able to self-extinguish damages the 
electrodes and the power circuit experiences high stress. The supply to the field is cut off immediately for a 
few cycles to interrupt arc currents. The strength of the charge acquired by dust particles due to corona 
discharge depends on the maximum value of the applied voltage. The dust particles acquire a charge of q and 
hence experience a force F = qE. This force drives them towards the collecting plates. The particle migration 
velocity (Ve) is given by the relation [23]. 
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qEC 


Mee oe (1) 


~ 3 nu Dp 


where, q- theparticle charge, E- the average electric field, u - gas viscosity, D, - particle diameter and C-slip 
correction factor. The migration velocity of the particles can be increased with an applied voltage close to 
Vspark. The collection efficiency [24], [25] of ESP is given by (2). 


TAXVe 


n=e = (2) 


The (2) is known as the Deutsch-Anderson equation. A, is the electrode’s collection area in m? and Q is the 
gas flow rate in m*/s. Collection efficiency can be enhanced with an increase in migration velocity. For 
efficient operation of ESP, the power supply must provide maximum average voltage during variable load 
conditions and reduced voltage under spark conditions to extinguish the spark, which, if uncontrolled, 
develops into an arc discharge. Hence, it is necessary to have a power supply controller in an ESP. 


I ! Z 


Vonset Vspark 


Figure 2. Electrical characteristics of an ESP 


2.3. Controller characteristics 

The controller is designed to satisfy the electrical characteristics of ESP. The first objective of the 
controller is to maintain a maximum average output voltage for a variation in load, to drive a sufficiently 
high corona power. The second objective is an instantaneous decrease in output voltage during a spark and 
reducing power output during an arc condition. The characteristics of the controller are shown in Figure 3. 
The input voltage to the power converter is Vin, Vp; and Vp are the voltages across the push-pull transformer 
primary winding (L,,) and flyback transformer primary winding (Lip) respectively. The voltage across one of 
the secondary of the push pull transformer is Vs. Current through the load resistance (Rz) is Z; and the rated 
current of the converter is Ir. The concentration of dust particles in flue gases, keeps changing, causing 
changes in resistance. A low concentration of dust particles in the flue gas is considered as a no-load current 
condition and a high concentration of dust particles as a rated current condition. The current above rated 
value is considered as reduction in dielectric strength of the medium and is indicated as a spark discharge 
condition. The permanent breakdown of the dielectric strength of medium is the arc discharge condition. The 
operation of the controller can be divided into three sections. 


2.3.1. Normal operating condition [0 —t:] 

The load current varies due to changes in resistance of the dust particle concentration. The duration 
between 0-t;, denotes normal operation and the load current varies from no-load value to rated current. 
Referring to Figure 3, the input voltage Vj, is assumed to remain constant and the increase in load current 
makes the voltage across flyback primary winding Vj, to increase. That makes the voltage across the push- 
pull primary Vp; decrease. The output voltage is regulated by modulating duty ratio of switches Sı and S2 to 
compensate for variations in load. The feedback loop senses V, and controls the ON time of the switches to 
maintain a constant output voltage. Therefore, the secondary voltage Vs of the push-pull also remains 
constant during this interval. Maximum output voltage is obtained for any variation in load that leads to 
higher dust collection efficiency. 


2.3.2. Spark discharge condition [t:—t2] 
The duration between t)-t2, is the period when the load current is higher than the rated current. That 
is considered as spark discharge condition. The input voltage Vin is assumed to remain constant. As the duty 
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cycle is limited, for any increase in load current, the voltage drops across flyback primary winding increases. 
This reduces the drop across the push-pull primary that makes V, decrease, thus output voltage decreases. 
The instantaneous reduction in output voltage enables an increase in the dielectric strength of the gap that 
suppresses the spark instantly. 


Figure 3. Characteristics of controller 


2.3.3. Arc discharge condition [At t2] 

A sustained spark is considered as an arc (permanent short) condition and the instant is denoted as 
to. At this instant, the entire input voltage is dropped across the flyback primary winding. This makes V,, 
drop to a low value, driving V; and output voltage also to a low value. The drastic reduction in output to the 
load reduces damage to the electrodes and protects the power supply circuit. 


2.4. Block diagram of power supply controller 

A block diagram representation of power supply controller is given in Figure 4. The feedback 
voltage (Vrg) from the output of the power supply is compared with a stable reference voltage (Vre) to 
produce a voltage error signal (V.). The output of the error amplifier (V<) is converted to a duty cycle by the 
pulse width modulator that drives the MOSFET switches. A type 3 compensated error amplifier is used to 
compensate for the voltage feedback loop and produce the best transient response. Maximum pulse width is 
derived based on regulating the output voltage at rated current. During a spark/arc condition, the pulse width 
limit imposed by the duty cycle limit circuit provides an additional control input to PWM. The output voltage 
is not regulated because of the pulse width limit imposed by the controller, thereby reducing the voltage 
applied to the load. During an arc condition, the total input voltage drops across the primary of the flyback 
transformer and the load current is limited to four times the rated load current, leaving very low power to 
load. Hence there is no requirement for additional circuits to detect the spark, as in a conventional controller 
circuit. 


Gate Pulses 
to MOSFET of the 
Switches 
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Figure 4. Block diagram of power supply controller 
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3. RESULTS AND DISCUSSION 

The controller is designed for the power supply with an output voltage of 1 kV and a current of 
100 mA from a 24VDC input. The switching frequency is considered to be 20 kHz. The inductance of 
flyback primary is calculated by considering drop across it, is 25% of the source voltage and the remaining 
75% drop across the primary of the push-pull transformer. The DC voltage is converted into high-frequency 
pulses at the primary of the converter transformer using power semiconductor switching devices. The turns 
ratio of the push-pull transformer is selected such that 250 V is obtained across the secondary. The secondary 
voltage is rectified and given to a voltage doublers circuit to boost to a value of 500 V. The two secondary 
circuits are connected in series to provide an output voltage of 1 kV. The push-pull converter operates in a 
non-overlapping discontinuous current mode with a maximum duty ratio of 34%. The designed values of 
flyback primary inductance, push-pull primary/secondary inductance and output capacitance are 7 uH, 
126 uH/24 mH and 1.6 uF respectively. The K-factor method is used for the design of type 3 compensated 
error amplifier. 


3.1. Simulation results 

The closed loop operation of the converter is simulated using PSPICE. Ideal power switches and ideal 
diodes are used in the simulation. The simulation circuit of power supply controller is shown in Figure 5. The 
results of the simulation are presented for the normal, spark and arc conditions. 


Figure 5. Simulation circuit of power supply controller 


Normal operating condition: closed loop simulation is carried out for various load current ranging 
from 10% to 100% to verify the behavior of the controller during the period 0-t;. When the load current 
varies from 10% to 100% of rated current, there is an increase in duty cycle from 14% to 34% and the output 
voltage is maintained constant at 960 V. The variation in duty cycle, for different values of load current is 
plotted and is given in Figure 6. This indicates that for any variation in load current from no-load to rated 
load, modulation in duty cycle regulates the output voltage. Waveforms at rated load condition are shown in 
Figure 7. Top trace shows the pulse width has increased to 17 us, which corresponds to 34% of duty cycle at 
full load. The bottom trace shows the increase in input current at full load condition, and the current is 
discontinuous. The current starts from zero and increases linearly, reaching a peak of 16.6 A during on-time 
of the switch. The middle trace shows the voltage has dropped to 6.6 V across the primary of a flyback 
transformer that is close to 25% of input voltage. Waveforms of current through the flyback primary winding 
and voltage across it under no-load conditions are shown in Figure 8. At no-load, the pulse width is reduced 
to a minimum value of 7 us that is 14% of duty cycle. A discontinuous mode of operation is realized, and the 
peak current at the end of on-time is 6.4 A. The middle trace shows the voltage has dropped to 6.5 V across 
the flyback primary winding. 
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The transient response of the output voltage during a step change from full load to no-load is shown 
in Figure 9. Full load is maintained for 10ms and is suddenly reduced to no-load for 30 ms. The performance 
of the control circuit is stable, with output voltage being maintained at a constant value of 960 V. The result 
indicates that a little fine turning the controller parameter is required to get the desired output voltage. The 
settling time of output voltage is 3.8 ms and peak over-shoot is 3.1%. 


120 
100 
_ 80 
@ 60 
= 40 
£ 20 
Go r - 1 
3 10 20 30 40 
3 Duty Cycle (%) 


Figure 6. Variation in duty cycle for variation in load current 
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Figure 7. Waveforms at rated-load condition: top trace: gate signals of Sı and S2, middle trace: voltage across 
flyback primary, bottom trace: flyback primary current 
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Figure 8. Waveforms at no-load condition: top trace: gate signals of Sı and S2, middle trace: voltage across 
flyback primary, bottom trace: flyback primary current 
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Figure 9. Response for a step change in load, top trace: output current, bottom trace: output voltage 


Spark discharge condition: the second objective of the controller is to reduce the output voltage 
during a spark condition that is verified through simulation. Any increase in load current above rated current 
increases the drop across the primary winding of the flyback transformer due to the limited duty cycle, 
maintained at 34%. As the duty cycle is limited by the control circuit, there is simultaneous reduction in 
output voltage, due to increase in drop across the input inductor. When load current is increased above rated 
current, there is a proportional reduction in voltage at the output and an increase in voltage across the primary 
of flyback transformer, as shown in Figure 10. 
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Figure 10. Output voltage and voltage drop across flyback primary for load current variation above rated 
current 


Arc condition: simulation has been performed to verify the operation of the controller during an arc 
condition and the recovery of output voltage after a breakdown of gas. This condition is simulated by short- 
circuiting the load for 10ms and then changing the load into a no-load condition for the remaining duration. The 
voltage drop across the flyback primary winding is increased to 22.9 V that is close to the total input voltage. 
The maximum duty cycle is maintained at 34% by the controller. Simulation results shown in Figure 11, verify 
that the output voltage is reduced to a very low value of 35 V during arc due to the limitation of duty cycle, 
and the controller is able to recover the output voltage to a maximum value of 959.581 V when changed to a 
no-load condition. This proves that the controller operates as per the design and meets the requirements of the 
load under all three operating conditions. 
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Figure 11. Output of converter with sudden change in load condition, bottom trace: output voltage, 
top trace: output current 


3.2. Experimental results 

The hardware model of power supply with controller is developed for the output voltage of 1 kV, 
100 mA operating at 20 kHz switching frequency. The hardware model, input current, output voltage and 
current waveforms are shown in Figures 12 (a)-(d). 
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Figure 12. Power supply module and experimental results (a) hardware model (b) Input current, (c) CH1 is 
output voltage and CH2 is output current at rated condition and (d) output voltage and current response under 
sudden increase in load current 
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The input to the converter is given from a DC power supply. IRF260 MOSFETs are used as power 
switches. The push-pull transformer is built with an E core of E55/21/27, a fly back transformer with an 
E42/21/20 core, and rectifier circuits with fast recovery diodes. For high voltage transformer, Kapton is used 
as insulation, and the core is selected to have enough space to accommodate a sufficient layer of insulation. 
The power input to the PWM IC (SG 3524) is also provided from the DC source. Output is sensed through a 
voltage divider circuit and the feedback voltage is fed to an error amplifier provided with type3 
compensation. The pulse width modulation IC, SG3524, generates the required pulse by comparing the error 
signal with the ramp. Additional control for duty cycle limit is provided by the ‘COMP’ pin of the PWM IC. 
IR2110 is used for MOSFET drivers. High wattage resistors are used to test various load conditions. An 
oscilloscope is used to record input current, output voltage, and currents at rated load conditions. The input 
current measurement is done by measuring the voltage drop across resistance of 0.1 Q, inserted in the current 
path. The peak voltage observed on the oscilloscope is 1.4 V. This corresponds to a peak current of 14 A and 
the device ON time is 16 us. The output voltage is measured using a divider with a ratio of 0.143 and the 
measured voltage is 948 V. Figure 12 (d) shows the output voltage and current waveforms recorded when a 
sudden increase in current from the rated value. The output voltage was reduced for the increase in current 
and stabilized in 3.8 ms. 

The simulation and experimental results under normal, spark/arc conditions are presented in Table 1. 
The plots of experimental and simulated results of output voltage are shown in Figure 13. The output voltage 
remains at its maximum value, which indicates that the controller regulates the output during normal 
operation. When load current is higher than the rated current, output voltage is reduced. The deviation in 
output voltage from the designed value shows that a small correction in duty ratio is required. The difference 
between the designed value of the output voltage and the practical value is due to circuit parasitic. Above 
rated current, output is not regulated because of limited pulse width by the controller and voltage gets 
reduced. 

The advantage of this approach in the power stage is that it has a high-voltage transformer with 
multiple secondary windings that have a lower turns ratio compared to a single secondary, and the inductor 
on the input side is better for limiting current at the load during a short circuit. The existing approach uses a 
transformer with a single secondary of high turns ratio that leads to a comparatively high leakage inductance. 
As compared to other controllers, the proposed control scheme is implemented using simple PWM controller. 
The results obtained by this controller during a sudden change in load show that it is faster than the line 
frequency power supply controller. 


Table 1. Simulation and experimental results of output voltage 
Output voltage (in Volts) 


Load in % of rated current Operating conditions of controller 


Simulated Practical 

10 960 948 Normal condition 
20 960 948 

30 960 948 

40 960 948 

50 960 948 

60 960 948 

70 960 948 

80 960 948 

90 960 948 

100 960 940 

150 789 660 Spark condition 
200 633 510 
250 466 350 
300 304 210 
350 156 92 
400 38 20 Arc condition 


—simulated 
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Figure 13. Output voltage for normal, spark and arc conditions 
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4. CONCLUSION 

A high voltage power supply controller is simulated and experimentally validated for an output of 
1 kV and 100 mA. Simulation results show the power supply controller maintains an average output voltage 
of 960V by modulating the duty ratio under variable load conditions. For a step change in load, output 
reaches steady state at 3.8ms and the peak overshoot is 3.1% verifying that the controller is stable. During 
spark condition, the simulation and experimental results show that there is an instantaneous reduction in 
output voltage due to the duty cycle limit imposed by the controller. When there is a permanent short circuit 
due to arc, 95% of input voltage drops across the primary of flyback transformer and the current is limited to 
4 times the rated current. Simulation and experimental results revealed that maximum voltage is maintained 
under normal operation and spark/arc conditions are well controlled, but there is a difference of about 5% in 
experimental results compared to simulation. Proposed controller is faster than line frequency power supply 
controller; implementation is simple and does not require additional spark/arc detection circuitry as compared 
to other controller used in ESP power supplies. The converter topology used in this research has a typical 
power output of a few kW, which limits its applicability in small-scale ESP power supplies. 
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